JOURNAL OF LIGHTWAVE TECHNOLOGY. VOL. 12, NO. 10. OCTOBER 1994 



Design and Characterization of Dispersion 
Compensating Fiber Based on the LP 0 i Mode 



A. Joseph Antos and David K. Smith 



Abstract— The practical implementation of erbium-doped fiber 
amplifiers with gain at 1.55 fim allows iong unrepeatered trans- 
mission distances. However, in order to realize high date rates 
over these distances with already installed standard single mode 
fiber, techniques must be found to overcome the pulse spreading 
due to the positive chromatic dispersion of the transmission fiber 
in this window. We review a compensation technique based on 
propagating the signals through a specially designed fiber with 
large negative dispersion for the LPoi mode, thereby ending 
up with zero net pulse spreading. The basis of the concept are 
discussed and a key figure of merit for dispersion compensating 
devices is defined. The design and optimization of dispersion 
compensating (DC) fiber is described with special attention to 
practical concerns including packaging and manufacturability. 
We describe experimental fabrication results of DC fiber, results 
of using the fiber to make compact dispersion compensating 
modules, and the outcome of recent systems experiments incor- 
porating the fiber. 

I. Introduction 

THE practical implementation of erbium-doped fiber am- 
plifiers (EDFA's) has reduced the importance of attenua- 
tion in the 1550 nm window as a key fiber-optic system design 
parameter. For example, errorless 5 Gb/s propagation has been 
demonstrated over 9000 km of dispersion-shifted fiber without 
the use of electronic regeneration [1]. However, the use of 
EDFA's to upgrade and simplify most existing fiber systems is 
presently limited by pulse dispersion since most installed fiber 
is nondispersion shifted which has low dispersion in the 1.3 
/im window. The span length that is possible without electronic 
regeneration is limited by the pulse spreading that occurs with 
EDFA operation in the 1.55 window. For example, a 
length limit of about 100 km has been demonstrated for 5 Gb/s 
transmission over 1.3 /xm-optimized fiber employing external 
modulation and direct detection techniques [2]. 

Several solutions to this problem have been suggested and 
can be categorized as either an active compensation technique 
that involves time-dependent manipulation of some aspect 
of the light pulse, or as a passive compensation technique 
which relies on time-independent properties of an optical 
element. Active solutions for digital transmission include 
prechirp techniques [3], [4] and a technique that uses the 
existing dispersion to convert a frequency modulated signal 
into an amplitude modulated signal at the receiver [5]. Passive 
techniques that have been demonstrated include the use of a 
fiber Gires-Tournois interferometric filter [6] and the use of 
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the large negative waveguide dispersion of the LPn mode 
of two-moded fiber [7]. Passive techniques that have been 
proposed include use of bulk gratings [8], gratings created in 
optical fiber used in reflection and transmission mode [9], [10], 
and wavelength-dependent coupling in multicore waveguide 
structures {11]. 

In this paper, we describe a passive technique which con- 
sists of including in the transmission path a length of fiber 
which has very large negative waveguide dispersion of the 
LPoi mode. The length of this fiber is chosen to obtain a 
negative pulse dispersion that is equal in magnitude to the 
positive dispersion accumulated by propagating through the 
transmission fiber. Earlier workers have examined the pulse 
equalization properties of short lengths of fiber of opposite 
dispersion to that of the transmission path [12], [13]. Here the 
compensating fiber is envisioned as possibly being quite long 
but deployed on a compact reel; the reel may be located at the 
transmission or receiver site or at any point along the transmis- 
sion path. A standard transmission system would not tolerate 
the additional loss that results from propagating through the 
additional length of dispersion compensating (DC) fiber. In an 
amplified system, however, the additional loss is compensated 
by EDFA's that are present in the system. We first describe 
the basics of the concept and define a key figure of merit 
for this and other methods of dispersion compensation. We 
then describe our work to design and optimize the dispersion 
compensating (DC) fiber, in which one of the key constraints 
is the manufacturability of the fiber. A similar study of fiber 
optimization for large negative dispersion has recently been 
published [14]. In Section IV, we describe experimental results 
of fabrication of DC fiber, as well as results when the fiber was 
incorporated into compact dispersion compensating modules. 
In that section we also briefly describe systems experiments 
that have employed dispersion compensating modules. Finally 
we summarize the results. 

II. Basic Principles 
The total system pulse spreading per unit source bandwidth, 
Ar, due to propagation along a transmission path of standard 
single-mode fiber of length, 1 S1 and including a length of 
dispersion compensating fiber, i c , is given by 

At = D 9 l 8 + D c l c + D' s l s (X - Xi) + D' c l c {\ - Ai) (1) 

where D s and D c are the first-order dispersion coefficients at 
wavelength X x for standard and dispersion compensating fiber, 
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respectively, and D' a and D' c are the corresponding second- 
order dispersion coefficients, also known as the wavelength- 
dependent dispersion slopes. At 1550 nm, D 8 and D' B are 
typically 17 ps/nm-km and 0.07 ps/nm 2 -km, respectively. 
When the signal wavelength is exactly A 1? the system pulse 
spreading is zero if the length of the compensating fiber is 
given by 




(2) 



For this length of fiber, the attenuation due to fiber loss is 
given by 

L = a a l 3 + a c l c 

where a, and a c are the standard fiber and compensating fiber 
loss per unit length. The second line of (3) leads us to define 
a figure of merit, M, that can be applied to the dispersion 
compensating fiber, namely, the amount of dispersion per unit 
loss 

m=\M (4) 

with practical units of ps/nm-dB. While a large magnitude 
negative dispersion coefficient is desirable, it should not be 
obtained at the expense of greatly increased loss due to 
absorption, scattering, or macro- and micro-bending. Other 
passive dispersion compensating devices can be compared 
using this figure of merit. 

One of the advantages of passive dispersion compensating 
methods is that the compensation requires no adjustment with 
change in source wavelength and should work equally well 
with multiwavelength narrow-band WDM systems. From (1), 
it may be seen that it is possible for a given transmission 
length l 8 to obtain zero pulse spreading throughout a band 
of wavelengths by designing the compensating fiber so that it 
has a negative value for the dispersion slope, D' c . It should 
be noted, however, that to obtain complete compensation 
through out a band, the magnitude of this negative slope must 
be greater than the magnitude of the slope of the standard 
fiber by the ratio of the transmission path length to the 
compensator length. Conversely, the negative impact of a 
positive dispersion slope of the compensating fiber is reduced 
by the ratio of lengths and the total dispersion slope is not 
significantly greater than that of dispersion-shifted fiber. 

III. Dispersion Compensating Fiber Design 

A. Computational Method 

The model used to design Corning* s dispersion compen- 
sating fiber is based on code that solves the scalar-wave 
equation for arbitrary index of refraction [I5J. A schematic 
diagram of the relative index of refraction profile used is 
shown in Fig. 1, and is similar to designs used in standard 
dispersion-shifted fiber [16]. It consists of a parabolically 
shaped core region with peak relative index of A p and a 
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Fig. 1. Schematic model diagram of relative index of reftaction profile 
showing parameters used in examining effect of index profile on dispersion 
characteristics. 



radius of r c , a depressed cladding region with a depressed 
relative index with respect to pure silica of A d and radius 
of r dt and an index ring of relative index A r and radius 
of r r . This model simplifies for easy exploration of nonring 
profiles by setting both Ad and Ar equal to zero. In fact, given 
actual obtainable profiles, a parabolic profile more accurately 
describes obtainable simple profiles than the usual assumption 
of a rectangular step index. The wavelength dependence of the 
index of refraction is approximated using a six-term Sellmeier 
equation with coefficients found by a multiple regression fit to 
the germania-doped silica data of Kobayashi el ai [17]. For the 
wavelength dependence of refractive indexes of compositions 
with index lower than pure silica, this model assumes values 
that are extrapolations of the germania data. 

For each index of refraction profile, the scalar-wave equa- 
tion is solved for the LPoi field amplitude and propagation 
constant at seven wavelengths from 1475 to 1625 nm. Then 
the LPoi mode dispersion and its mode-field diameter are com- 
puted for wavelengths from 1525 to 1575 nm. The theoretical 
cutoff wavelengths for the LP 0 2 and LP n modes are found by 
searching for the maximum wavelengths that yield solutions 
to the scalar-wave equation when the propagation constant is 
at its minimum value, namely, that determined by the cladding 
index. The wavelength of the cutoff of the LP 01 was used to 
determine a profile's susceptibility to macro-bend loss; it has 
been found empirically that a fiber is very bend sensitive at 
1550 nm when its calculated LP 0 i cutoff wavelength is less 
than 1800 nm. 

The profile solutions are iterated to an optimum using a 
Simplex algorithm [18]; the algorithm minimizes a weighted 
function of the differences between an iteration's calculated 
optical properties and the desired properties. The relative 
weights are adjusted to obtain practical and manufacturable 
profiles. 

B. Model Results 

To explore the range of possible negative dispersions, we 
plot the results of calculations for dispersion at a wavelength 
of 1550 nm in Figs. 2-4. Fig. 2 shows the range of negative 
dispersion that is possible with a simple parabolic profile as 
a function of core radius for five peak core relative indexes 
ranging from 1.5 to 2.5%. It is seen that for a given A p , 
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Fig. 2. Results of modeling showing dispersion as a function of core radius 
for an index profile without a depressed index region for different values of 
peak core relative index difference: (a) A p = 1.5%. (b) A p = 1.75%. (c) 
A p = 2.0%. (d) A p = 2.25%., and (e) A p = 2.5%. 
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Fig. 3. Dispersion as a function of depressed region radius for the following 
depression relative indexes: (a) A rf = 0%, (b) A rf = 0.1%, (c) Aj = 0.2%, 
(d) Aj = 0.3%. and (e) A d = 0.4%. The core relative index and radius are 
held constant at 2% and 1.4 Jim, respectively. 



a maximum negative dispersion occurs at an optimum core 
radius in the range from 1 to 2 jzin, and that the value of the 
maximum negative dispersion as well as the optimum core 
radius decrease with increasing A p . Addition of a depressed 
index region outside of the core greatly increases the value 
of a fiber's negative dispersion. Fig. 3 shows the impact of 
depth and width of a depressed region (with no increased 
index outer ring) for a fixed peak core index of 2% and core 
radius of 1.4 um. Within a region of index depression from 
0% to about 0.35%, the negative dispersion increases to nearly 
-200 ps/nm-km as the depression radius is varied in the range 
of 3-6 pm. When the depression index is 0.4% or greater, 
however, the index only increases slightly before decreasing 
to values less than even the simple parabolic solution. Even 
larger magnitudes of negative dispersion are possible if one 
further optimizes the core for a given depression index. An 
example is shown in Fig. 4, where the impact of core radius 
on dispersion is seen with a peak core index of 2% and 
a fixed depression radius of 4.5 /im. Values of negative 
dispersion greater than -300 ps/nm-km are theoretically ob- 
tainable. 

Designs with the model index profile have a waveguide 
component of the total dispersion that decreases from the value 
at short wavelengths to a minimum occurring in the range 
of 1.4-1.6 Mm- One of the main impacts of inclusion of a 
depressed index region and an outer ring is to increase the 
difference between waveguide dispersion at short wavelengths 
and the minimum value. It also shifts the wavelength at which 
the minimum waveguide dispersion occurs toward longer 
wavelengths. The net impact is to obtain a design with a 
negative dispersion slope versus wavelength curve through the 
operating wavelength band. The total dispersion thus obtained 
can have a negative dispersion slope that can offset some of 
the positive dispersion slope of standard transmission fiber. 
The magnitude of the negative slopes that are calculated is 
less than the positive slopes of standard fiber; thus, given 
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Fig. 4. Dispersion as a function of core radius for a dispersion compensating 
fiber design with radius of the depressed region of 4.5 /im for the following 
depressed region indexes: (a) A d = 0%, (b) Aj = 0.1%, (c) A rf = 0.2%, 
and (d) A d = 0.3%. 

the length impact of the transmission fiber and compensating 
fiber, the total dispersion slope of the band is not greatly 
affected. 

Because of the impact of attenuation on a compensator's fig- 
ure of merit, M, it is prudent to use the model to examine the 
impact of design on loss before attempting to fabricate fibers 
from one of these designs. Potential sources for loss greater 
than the typical loss of 0.25 dB/km for dispersion shifted fiber 
are increased absorption and scattering from higher levels of 
index-raising dopants, loss from bend sensitivity, and loss from 
stress imbalance between the core and cladding that results 
from large thermal expansion differences. While increase in 
loss due to absorption and scattering in fibers with high levels 
of germania in the light guiding region is well known [19], 
loss due to this effect is expected to increase by only 0.1-0.2 
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Fig. 5. Cutoff wavelength of the fundamental LP c) i mode as a function of 
the dispersion at A = 1550 nm for a peak core relative index of 2%, core 
radius of 1.4 /<m. and depressed region index of 

dB/km. Of much greater concern are macro-bending losses that 
occur from coiling the dispersion compensating fiber onto a 
practical-size reel, and micro-bending losses that may manifest 
themselves during temperature excursions of the fiber in its 
operating environment. Unlike the solutions for a step-index 
profile, profiles that include a depressed index region outside 
the core have a finite cutoff wavelength for the propagation 
of the LP 0 i mode. One indicator of the susceptibility of a 
design to bending loss is the wavelength at which this mode 
is no longer a propagating solution to the wave equation (i.e., 
the wavelength at which the LP 0 i mode is cut off); to be 
stable against macro- and micro-bending, one requires that 
the LP 0 i cutoff wavelength be large relative to the operating 
wavelength. Some of this information is implicitly contained 
in Figs. 3 and 4; data points that have the most negative 
dispersion values have an LP 0 i cutoff wavelength at 1625 
nm, i.e., only 50-60 nm from the EDFA operating band. 
Thus, these solutions are expected to be very bend sensitive. 
To explore this further, Fig. 5 shows a plot of LP 0 i cutoff 
wavelength as a function of dispersion where the varying 
dispersion was obtained by varying the depression radius, r<f, 
for a design with A p = 2.0%, r c = 1.4 //m, and A d = 0.2%. 
We find that the LPoi cutoff wavelength does not become 
large relative to the operating wavelength until we get into 
designs with a modest negative dispersion at and above -130 
ps/nm-km. 

The model can be used to indicate ease of manufacture by 
performing studies to determine if a design is insensitive to 
changes in geometry and index. Manufacturing considerations 
also drive designs from attempting to optimize solely on large 
negative dispersion. For example, one decision was to limit 
A p to values of 2% or less, since higher values result in the 
cracking of forms due to large thermal expansion differences. 

While modeling is absolutely necessary for dispersion fiber 
optimization, uncertainties in loss mechanisms and manufac- 
turing tolerance capabilities compel the actual fabrication of 
a variety of profiles to verify the directions suggested by 
modeling. 
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Fig. 6. Refractive near-field (RNF) measurement of the relative index of 
refraction profile of a dispersion compensating design of Type D that yielded 
— 1 00 ps/nm-km dispersion at 1550 nm. 

IV. Experimental Results 

A Fiber Results 

Fibers were fabricated using the outside vapor deposition 
technique [20] with germania used as an index-increasing 
dopant and fluorine used as an index-decreasing dopant. Fig. 
6 shows an example of the refractive index profile of the fiber 
labeled Type D below; it has a segmented core and an index 
depressed region and a ring. Using a range of profiles, we 
have experimentally obtained dispersion ranging from -45 
to -1 00 ps/nm-km, attenuation from 0.4 to 1.2 dB/km, and 
range of figure of merit from between 50 and 160 ps/nm- 
dB at A = 1550 nm. Fig. 7(a) and (b) shows examples of 
dispersion and attenuation variation with wavelength for Type 
B and Type D fibers. 

Experimental results of dispersion, dispersion slope, atten- 
uation, and figure of merit, all at A = 1550 nm, for four 
fibers with distinct index profiles are listed in Table I. Fiber 
profile Type A is a step-index design, while B, C, and D are 
segmented core designs with an index depressed region with 
different core and ring diameters. 

B. Packaged DC Fiber Results 

We have designed a compact reel with a hub radius of 7.6 
cm, height of 4.3 cm, and a flange diameter of 16.5 cm. A 
200 fim acrylate coating makes this reel capable of holding 
sufficient dispersion compensating fiber to correct for up to 
1360 ps/nm dispersion. This amount of dispersion can typically 
be accumulated from propagating through 80 km of standard 
single mode fiber. No increase in attenuation was observed as 
a result of the 7.6 cm minimum radius bend. Micro-bending 
effects were investigated by monitoring loss changes during 
temperature cycling of the assembly. An increase in loss of 
< 0.6 dB relative to the room-temperature value is typically 
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Fig. 7. Dispersion and attenuation as a function of wavelength for dispersion 
compensating fiber of profile (a) Type B and (b) Type D. 

TABLE I 

Experimental Values of Parameters of Four Different 
Profiles of Dispersion Compensating Fiber Described 
in the Text. All Values Measured at A = 1550 nm 



Fiber Profile 
Type 


Total 
Dispersion. 

D C 
(ps/nm-km) 


Dispersion 
Slope. D* c 

(psAim2-km> 


Attenuation, 
a 

(dB/km) 


Figure of 
Merit M 


A 


•45 


0.07 


0.40 


75 


B 


-90 


0.00 


0.65 


140 


C 


-77 


-0.02 


0.60 


130 


D 


-100 


0.07 


0.65 


155 



observed within a temperature range from -40 to +85°C, 
while a loss increase of < 0.2 dB is observed in the limited 
range from 0 to +65°C. 

Another important issue with a practical dispersion com- 
pensating device is the splice loss that arises from connecting 
DC fiber to standard single mode fiber. Mode field diameters 
of the various designs fabricated range from 4 to 6 ^m, while 
standard matched clad fiber typically has a mode field diameter 
of 10.5 ± 1.0 fim at 1550 nm. Calculations of intrinsic splice 
loss as a result of mode field mismatch predict that the splice 
loss should range from 1 to 3 dB. Actual values of splice loss 
obtained by optimizing fusion splicer parameters and using 
long electric arc times are considerably below the calculated 
value with a typical splice loss of 0.5 ± 0.1 dB. 

C. System Tests 

System tests incorporating DC fibers and EDFA's have 
been performed. Fig. 8 shows the optical schematic of a test 
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Fig. 8. Optical schematic diagram of a system measurement designed to test 
the transmission of 10 Gb/s signals over 150 km of standard single-mode fiber 
using a drive-current modulated DFB laser and direct detection. 

performed in conjunction with workers at Alcatel Network 
Systems [21] to evaluate the feasibility of transmitting 10 
Gb/s directly modulated, direct-detection signals over 150 
km of standard fiber. The DC fiber used in the test had a 
dispersion of -65 ps/nm-km at A = 1550 nm, an attenuation 
of 0.48 dB/km, and a compensator figure of merit of 135. The 
wavelength variation of the dispersion of the fiber over the 
region from 1525 to 1575 nm was small with a dispersion 
slope of about 0.008 ps/nm 2 -km. The 150 km of transmission 
fiber required about 39 km of DC fiber to correct for the 
dispersion. The DC fiber added an insertion loss of about 19 
dB. Three single-pumped 980 nm amplifiers were used to make 
up for the 33 dB transmission link loss and the additional 
loss of the compensating fiber. The DC fiber was placed in 
three locations. The first reel (6.4 km), representing about 
3 dB loss, was located before the power amplifier, taking 
advantage of the fact that the amplifier's saturated output 
power of 1 1 dBm could be reached by less input power than 
was available from the signal source. Two amplifiers at the 
receiver end of the link acted as both a compensator and a 
two-stage preamplifier. The receiver amplifiers were followed 
by reels of 22 km (10.6 dB insertion loss) and 1 1 km (5.3 
dB insertion loss) of DC fiber, respectively. The amplifiers 
were operated at gains of 25 and 31 dB, respectively, and 
both were followed by narrow-band dielectric filters to reduce 
the impact of ASE buildup and spontaneous-spontaneous beat 
noise at the receiver. Fig. 9 shows the results of bit-error rate 
measurements made using multiplexed 5 Gb/s pseudorandom 
bit streams and a 2 31 - 1 pattern over 150 km of transmission 
fiber. A receiver power penalty of less than 1 dB was seen 
as a result of the transmission that may be the result of 
nonoptimization of the EDFA preamp. 

A test of another application requiring dispersion compen- 
sation was performed in conjunction with Bellcore [22]. Here, 
dispersion compensating fiber was used to allow simultane- 
ous 1310 and 1550 nm directly modulated, direct-detection 
SONET transmission at 2.5 Gb/s over 60 km of standard fiber 
(Fig. 10). The 1310 nm signal was demultiplexed from the 
transmission fiber using a WDM that added about 0.55 dB 
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Fig. 9. Bit-error rate diagrams showing results of back-to-back and trans- 
mission through 150 km of standard fiber for the experiment shown in Fig. 
8. 
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Fig. 10. Optical schematic diagram of a system test to evaluate the simulta- 
neous transmission of 1.3 and 1.55 /im signals over the same fiber of length 
60 km. 



to that leg so that it could be detected without amplification. 
The total gain of the EDFA was 19 dB, which more than 
compensated for the 16 dB loss of the compensator fiber. No 
power penalty was observed in the 1310 or 1550 nm legs as 
a result of propagation through the transmission fiber when 
compared to back-to-back results. 

V. Conclusions 

While use of EDFA's and dispersion-shifted transmission 
fiber optimized for operation at 1.55 fim is an obvious choice 
for future long-haul telecommunication systems, amplifiers 
with dispersion compensation based on LPoi mode propaga- 
tion can enable currently installed standard single-mode fiber 
systems to reap the benefits of EDFA' s. Compact reels holding 
specially designed fiber provide a stable and robust method 
that works well with both single-frequency and wavelength- 
division multiplexed systems. Further work is required to 
optimize the balance of dispersion and loss characteristics 
as measured by the compensator fiber figure of merit. Also, 
further system experimentation is also required to find the true 
limitations of this method. 
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